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The developmental role of carbohydrate markers in the genesis of neuronal networks was studied using leech sensory
afferents as a model. Leech sensory afferents express a mannose-containing epitope on their cell surface that is recognized
by monoclonal antibody Lan3-2. Previously, the elaboration of sensory arbors in the synaptic neuropil of CNS ganglia was
experimentally shown to depend on this mannose marker. Sensory arbors were abolished by perturbing sensory afferents in
the intact nervous system with Lan3-2 Fab fragments, a glycosidase, or mannose–BSA. To understand the cytological
mechanisms underlying mannose-specific recognition for synaptogenesis, we have now studied the effects of antibody
perturbation at the ultrastructural level in the sensory afferent target region. A characteristic signature of a normal sensory
afferent is its profuse collateral branching, which, with ongoing development, is replaced by a single widened process, the
sensory trunk, which possesses numerous synaptic vesicle clusters. The inhibition of mannose-specific recognition leads to
a rapid, major reorganization of different stages of sensory afferent growth. Collateral branches at the distal growing region
are reduced three- to fourfold. The pruned axons grow at an accelerated rate. Developmentally older sensory trunks
experience a threefold reduction in synaptic vesicle clusters. These responses suggest that depriving sensory afferents of
mannose-specific recognition aborts their synaptogenesis and causes them to resume behavior typical of tracking through
axonal tracts. The current findings also suggest that the mannose marker, by promoting both collateral branching and
the proliferation of synaptic vesicle clusters, plays a critical role in two stages of sensory afferent synaptogenesis.
© 1998 Academic Press
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INTRODUCTION
Carbohydrate-mediated interactions via acidic or neutral
glycans are increasingly implicated in different stages of
axonal targeting and synapse formation. Negatively charged
carbohydrates such as sialic acid and the repeating disac-
charide units of proteoglycans influence axonal targeting by
providing antiadhesive effects that vary with the cellular/
molecular context of the neuronal environment (Rutis-
hauser and Landmesser, 1996; Snow et al., 1991; Grumet et al.,
1993; Faissner et al., 1994). Neutral, galactose-containing
glycans have been shown not only to mediate axonal
targeting but also to play roles in later stages of synapse
formation (Mahanthappa et al., 1994; Martin and Sanes,
1995; Song and Zipser, 1995a; Puche et al., 1996; Inoue and
Sanes, 1997).
Outside the nervous system, the interactions of mannose-
containing glycans have been extensively documented (Varki,
1993). Mannose is the neutral carbohydrate residue of oligo-
mannosidic N-glycans prior to their processing and substitu-
tion with galactose and sialic acid (Kornfield and Kornfield,
1985). Evidence for the critical importance of mannose-
specific recognition in neuronal development is now begin-
ning to accumulate. For example, common oligomannosidic
glycans, by mediating an interaction between L1 and NCAM,
stimulate neurite outgrowth via signal transduction mecha-
nisms (Horstkorte et al., 1993; Heiland et al., 1998).
Using leech sensory afferents as a model system, we are
addressing another function of mannosidic glycans, namely
their role as cell-type-specific markers. Leech sensory affer-
ents express an unusual mannose structure on N-linked
carbohydrate chains of their 130-kDa glycoproteins that
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is recognized by the monoclonal antibody Lan3-2 (Zipser
and McKay, 1981; Peinado et al., 1990; Zipser et al., 1994).
Recently, this mannosidic epitope was shown to be located
on leechCAM and tractin, two common neuronal glyco-
proteins (Huang et al., 1997). Because the mannosidic
epitope is a marker for sensory afferents, it is a sensory
afferent-specific glycosylation of the common neuronal
proteins.
The mannose marker of sensory afferents was shown to
play a critical role in the growth behavior of sensory
afferents as they enter the CNS. Arriving from the periph-
ery as a fasciculated tract, the population of sensory affer-
ents normally expands into a sensory arbor as it enters its
segmental synaptic neuropil. Three separate experimental
manipulations which inhibit the interaction of the man-
nose marker (Zipser and Cole, 1991; Song and Zipser,
1994b) cause the collapse of this sensory arbor.
To understand the cellular functions that are mediated
by the sensory afferent mannose marker, we developed
methods that permit ultrastructural analysis under finely
tuned conditions: (1) Live staining of sensory afferents
followed by glutaraldehyde fixation led to exquisite ul-
trastructural tissue preservation enabling us to serially
reconstruct single sensory afferent profiles and to study
their intracellular organelles. (2) By applying a low,
known dosage of Lan3-2 Fab fragments to organ-cultured
intact germinal plates, we determined the alteration in
the growth of single sensory afferents due to the disrup-
tion of their mannose-specific recognition. The impor-
tance of this method is that it resulted in an alteration
rather than in the stunting of sensory afferent growth as
was seen after injection of high antibody concentrations
into intact embryos (Huang et al., 1997).
Using these methods we are investigating the perturba-
tion of mannose-specific recognition by asking the follow-
ing questions: Does the collapse of the sensory arbor fash-
ioned by the population of sensory afferents result from the
refasciculation or the resorption of single processes? Do
processes change in other ways, for example, make naviga-
tional errors or modify their rate of elongation? And finally,
what are the consequences of inhibiting mannose-specific
recognition for the cytoplasmic indicators of synaptogen-
esis in these sensory afferent neurons?
Using quantitative electron microscopy and serial re-
construction of ultrathin sections, we here provide evi-
dence that sensory afferents deprived of their mannose-
specific recognition cease to engage in synaptogenesis
and instead regress to behavior suitable for elongating
through axonal tracts.
MATERIALS AND METHODS
All experiments were performed on individuals of the leech,
Hirudo medicinalis, which were bred at room temperature (23°C)
in diluted artificial seawater (Forty Fathoms [Marine Enterprises,
Inc., Baltimore, MD]; 0.5 g/L distilled water) and fed with fresh
bovine blood once a month. After isolation for 2 months at 15°C,
adult leeches were brought together in pairs for mating for about 1
month at room temperature. Gravid leeches were then placed in
plastic boxes containing moist sphagnum moss. Boxes were
checked daily for cocoons. Once found (day 0), cocoons, each con-
taining 12–18 sibling embryos of the same age, were transferred to
an incubator at 20°C. For experiments, the epithelial envelope of
embryos was cut dorsally to extrude yolk and expose the ventral
germinal plate, which was then stretched out by pinning the cut
edges of the epithelial envelope against Sylgard-coated (184 silicon;
Dow Corning Co., Midland, MI) culture dishes (35 310 mm) (Corn-
ing Glass Works, Corning, NY). Embryos were cultured at 20°C in
1 mL of a defined growth medium consisting of Leibovitz-15 (L-15;
Gibco, Grand Island, NY) with 1% ITS1 (Collaborative Research,
Bedford, MA), 1 nM nerve growth factor (Sigma, St. Louis, MO), 10
nM epidermal growth factor (Collaborative Research), supple-
mented with 10 mM KCl.
Monoclonal antibodies and their Fab fragments. The antibod-
ies used in this study were generated by our laboratory. Lan3-2 is a
monoclonal antibody (mAb) that binds to the full set of peripheral
sensory afferents (Zipser and McKay, 1981; Zipser et al., 1994).
Conjugation of horseradish peroxidase (HRP) to mAb Lan3-2 was
performed according to the methods of Avrameas and Ternynck
(1971). Directly labeled Lan3-2 was used for staining the surface of
live sensory afferent neurons (see below).
Fab fragments were prepared from Lan3-2-containing ascites
fluid that had been ammonium sulfate precipitated, digested with
mercuripapain (Worthington Biochemical Corp., Freehold, NJ), and
subjected to ion-exchange chromatography according to Mishell
and Shiigi (1980). The concentration of Fab fragments per fraction
was estimated, assuming that 1 mg/mL immunoglobulin has an
absorption of 1.4 at 280 nm. The protein concentration was also
determined using a Coomassie blue binding assay (Bradford, 1976).
As determined on silver-stained SDS–polyacrylamide gels, Lan3-2
Fab fragments had a molecular weight of 55 kDa.
Perturbation experiments. The germinal plates of sibling em-
bryos of a given cocoon were divided into three groups, each
containing at least three siblings, which were: (1) immediately
stained after dissection, (2) used as controls, or (3) used for experi-
mental treatments.
The germinal plates of both the control and the experimental
embryos were cultured for 6 h in defined medium prior to the
perturbation experiment. Previously, we determined that it takes
6 h for sensory afferents to resume their normal rate of differentia-
tion after dissection and that during these initial 6 h, sensory
afferents are less sensitive to the perturbing antibody (Song and
Zipser, 1995a). After the preconditioning, experimental embryos
were exposed to culture medium containing Lan3-2 Fab fragments
(50 nM) for a duration of 3 h while the medium of the control
embryos was replaced only with fresh defined medium.
Live control and experimental embryos were stained for 90 min
with low concentrations of HRP-conjugated Lan3-2 antibody. Live
rather than fixed tissue was stained because antibody penetration
of fixed embryos requires detergent, which is detrimental to
ultrastructural preservation. To arrive at a concentration of anti-
body that does not elicit appreciable perturbation effects, we
compared the staining of control embryos (after 9 h of culturing) to
that of immediately stained embryos. We decreased the titer of
staining antibody until the number of branches and branchlets
counted in both embryos was virtually the same. Profiles were
counted in 8 hemiganglia from immediately stained and 16 hemi-
ganglia from control embryos, each hemiganglion providing five
samples. In the immediately stained embryos, there were 8.42 6
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1.15 branches and 45.83 6 5.44 branchlets while in the control
embryo, there were 13.77 6 1.85 branches and 44 6 5.51
branchlets.
This procedure, perturbing sensory afferents with Lan3-2 Fab
fragments and staining sensory afferents with Lan3-2 IgG, may
work for the following two reasons: (1) Lan3-2 IgG are much less
potent than Lan3-2 Fab fragments in eliciting perturbation effects
(Zipser, unpublished observation) and (2) the application of low
concentrations of Fab fragments (50 nM), which bind to a small
fraction of the mannose epitopes, produced pronounced perturba-
tion effects. Likewise, in other systems, small changes in the
availability of surface glycoproteins, ApCAM (Mayford et al., 1992)
or NCAM (Hoffman and Edelman, 1983), have pronounced effects.
Immunocytochemistry and sample preparation. All sibling
embryos were fixed with 2% glutaraldehyde in L-15 medium for 30
min. To enhance the HRP-conjugated Lan3-2 staining, embryos
were processed by the cobalt–glucose oxidase (Co-GOD) method.
The procedure of the Co-GOD method was as follows: after being
washed briefly twice with 0.1 M cacodylate buffer (pH 7.4),
embryos were placed in a 0.5% solution of CoCl2 in 0.1 M
cacodylate buffer (pH 7.4) for 10 min at room temperature. After
being washed three times with buffer, subsequently, the embryos
were incubated for 60–120 min at 37°C in a freshly prepared
medium composed of 0.5 mg of DAB, 2 mg of b-D-glucose, 0.4 mg
of NH4Cl, 3 mg of GOD (Sigma, 34 U/mg), and 1 ml of 0.1 M
cacodylate buffer (Itoh et al., 1979). After a rinse, ganglia were
postfixed with 1% osmium tetroxide (Ted Pella, Inc., Redding, CA)
for 2 h, dehydrated with serial changes of alcohol, and then
transferred into propylene oxide (Polysciences, Inc., Warrington,
PA) to be finally embedded in English araldite resin (Polysciences,
Inc.). Ultrathin sections were cut on a LKB Ultratome V, collected
on copper slot grids, and stained with 10% uranyl acetate and
Reynold’s lead citrate. Grids were examined with a Philips CM10
electron microscope at 100 kV.
Data analysis of the collateral branching of sensory afferents in
control and perturbed embryos. To study the branching patterns
of sensory afferents, we examined five different levels of the
anterior aspect of the two most recently innervated CNS ganglia
[midbody ganglia (MG) 17, 16]. Level 1 was defined as the anterior–
posterior level at which the sensory afferents project through the
roots and enter the ganglion. Level 1 was approached by cutting
1-mm-thick sections from the posterior ganglion toward the root.
Thick sections were stained with toluidine blue and checked under
the light microscope in order to see the root structure. When the
root region had been reached (level 1), 20 ultrathin sections were
cut for later examination. To reach level 2, 4 thick sections were
cut. Next, 20 ultrathin sections were cut and put on four or five
grids. This procedure was repeated from level 3 to 5. For the
analysis of branching, only 1 section/grid was examined in order to
minimize sampling a given profile on 2 immediately adjacent
sections. Sensory afferents were identified by DAB reaction product
on their cell surface. In MG16 and MG17 sensory afferent profiles
have diameters between 100 to 2000 nm. We analyzed the antibody
perturbation by constructing a histogram of diameters (200-nm bin
width) and found a bimodal distribution (100–400 nm, .400 nm).
We refer to the smaller diameter group as branchlets and the larger
diameter group as branches. All tests of statistical significance of
perturbations were performed by Student’s t test (two tailed).
Measurement of synaptic vesicle clusters. Synaptic vesicle
clusters in sensory afferent profiles were measured in MG14, which
contained larger profiles (greatest diameter .2000 nm) than those
seen in MG16 and MG17. These large profiles were termed sensory
trunks. Synaptic clusters occur in both sensory trunks as well as in
the larger branches. Therefore, we included in this analysis all
branches with a minimum cross-sectional area of 0.25 mm2. Be-
cause profiles can have either round or ovoid shapes, we computed
a value that was proportional to their cross-sectional area by
multiplying their shortest and longest diameters. We analyzed
synaptic vesicle clusters separately for each reconstructed profile.
Synaptic vesicle clusters often extended for several sections. To
avoid the errors involved in volume reconstruction (Ungersboeck
et al., 1991), we instead estimated the areas occupied by synaptic
vesicle clusters in the different sections analyzed. To measure the
area of a given synaptic vesicle cluster, it was first outlined,
scanned into the computer, and then measured using the NIH
Image program. Likewise, the length of the perimeter of each
profile was measured using the same program. For the serial
sections of each profile, we summed synaptic vesicle area and
perimeter length. We then divided the sum of the synaptic vesicle
areas by the sum of the perimeter lengths.
Three-dimensional reconstruction. To obtain a more compre-
hensive view of sensory afferent structures, serial sections were cut
and analyzed in both control and perturbed embryos. The longest
series (100 ultrathin sections) obtained from the control embryo
was also used for three-dimensional reconstruction using a Silicon
Graphics workstation at the Michigan State University Laser
Scanning Microscope Laboratory. The surface membranes of
trunks, collaterals, and branchlets of a given neuron were manually
traced and scanned into a Hewlett–Packard scanner. During the
tracing process, electron micrographs were aligned manually ac-
cording to three fiducial marks. The regions of synaptic vesicle
clusters were also traced and included in the profile structure.
RESULTS
Developmental Age of Sensory Afferents for the
Study of Early Synaptogenesis in CNS Ganglia
After one-fourth of leech embryogenesis is completed,
the cell bodies of sensory afferents differentiate in segmen-
tal sensory organs called sensilla that are associated with
ventral epidermis. These cell bodies project their axons into
the respective segmental CNS ganglia, 32 of which com-
prise the leech nerve cord. To study different stages in
sensory afferent synaptogenesis, we made use of the ante-
rior (first to develop) to posterior (last to develop) gradient
by which sensory afferents innervate the neuropil of seg-
mental CNS ganglia according to the same spatial pattern.
In the 10.5-day-old embryos (grown at 20°C) chosen for this
study, sensory afferents innervated 17 of the CNS ganglia in
the midbody region. The last four CNS ganglia (MG17–14)
innervated by sensory afferents were supplied from sensilla
3 only, sensilla 3 being the earliest segmental sensilla to
appear. The germinal plates of control and experimental
embryos were grown in defined medium, which permits the
spatiotemporal gradient of sensory afferent development to
proceed at 92% of its normal rate according to which
sensory afferents innervate segmental midbody ganglia at a
rate of 1 ganglion/6.7 h (Song and Zipser, 1995a).
To measure the innervation of the sensory afferent target
region in different embryos at comparable anterior–
posterior aspects, we mapped the anterior half of the gan-
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glionic neuropil into five levels, separated by 5.6 mm each
(Fig. 1). At level 1, sensory afferents enter the neuropil via
the anterior ganglionic root and then bifurcate, changing
direction of growth by 90°. At levels 2 to 5, their processes
project ipsilaterally, pioneering the first sensory afferent
target region at the ventral edge of the neuropil, the ventral
tract (VT). Viewed at the light level, these sensory afferent
projections form a dense sensory arbor. The formation of
this sensory arbor was shown to be mediated by the man-
nose marker on the sensory afferents’ surface which is
recognized by monoclonal antibody Lan3-2 (Song and
Zipser, 1995a).
Lan3-2 Fab Fragments Reduce Collateral
Branching and Accelerate the Rate
of Elongation of Sensory Afferents
Using ultrastructural analysis, we now studied the
effect of Lan3-2 Fab fragments on the distal growth region
of sensory afferent pioneers in MG17 and MG16. In these
last two CNS ganglia innervated by sensory afferents,
sensory afferents were between 0 and 6.7 h old. Age-
matched sibling embryos from the same cocoon were
cultured for 3 h either in defined medium (control em-
bryos) or in defined medium to which Lan3-2 Fab frag-
ments (50 nM) were added (experimental embryos); the
specificity of the perturbation elicited by Lan3-2 Fab
fragments had been previously demonstrated using con-
trol IgG (Zipser et al., 1989). This protocol was expected
to produce a less than 50% perturbation effect according
to our previous measurements at the light level (Song and
Zipser, 1995a). The rationale for using this protocol was
to capture single sensory afferents at various degrees of
perturbation, providing data to make inferences on the
perturbation process. After culturing, the projections of
sensory afferents were visualized by staining with low
concentrations of Lan3-2 IgGs (Fig. 2 and see Materials
and Methods). This resulted in the deposition of electron-
dense DAB reaction product on the surface membrane of
sensory afferents. Furthermore, in some instances, DAB
reaction product could also be detected on juxtaposed
membranes of other cell types, central neurons (arrow-
head in Fig. 2B), or glial cells (not shown). This observa-
tion is consistent with the finding that the surface
glycoproteins bearing the Lan3-2 epitope have solubility
characteristic of loosely attached, peripheral proteins
(Bajt et al., 1990a) which might be secreted from sensory
afferents to accumulate at juxtaposed surface mem-
branes. Perhaps this accumulation of Lan3-2-reactive
glycoproteins on juxtaposed membranes is yet another
example of entropy sorting (Dinsmore et al., 1998).
The perturbation effect of Lan3-2 Fab fragments was
illustrated by comparing sensory afferent projections in the
ventral target regions of a control embryo and its experi-
mental sibling in MG17, the last midbody ganglion inner-
vated by sensory afferents (Figs. 2A and 2B). In either
embryo, there were two sizes of processes, thick branches
(1, 2, 3, 4), and thin branchlets (arrows). In the control
embryo, four branches grew in loosely separated fascicles
that were surrounded by numerous branchlets. Some of
these branchlets projected at a distance from the branches
(arrows). In contrast, in the experimental embryo, the
innervation of the target region consisted merely of a single
branch. There were also fewer branchlets, most of which
were tightly apposed or even invaginated into the single
branch. There was no obvious difference in the number and
distribution of unstained processes of central neurons in
control and experimental embryos, indicating that the
perturbation of Lan3-2 Fab fragments is specific to sensory
afferents. The abundance of fine processes and the loose
organization of the neuropil tissue is a characteristic feature
of these early embryonic ganglia.
To quantitatively compare sensory afferent growth in
control and experimental embryos, the number of sensory
afferent profiles was counted in age-matched siblings in
three different experiments in four control and four experi-
mental sibling embryos (Fig. 3). Profiles were counted in the
two last innervated ganglia (MG17, MG16) at levels 2 to 5,
FIG. 1. A schematic drawing of a sensory afferent pioneering its
ventral target (VT) region. The cell bodies of sensory afferents
(illustrated here by a single neuron) differentiate in sensory organs
within the ventral epidermis, the sensilla. They project their axons
via peripheral nerves into the respective segmental CNS ganglion
to innervate their ipsilateral target region, VT, indicated by hatch-
ing in the anterior half of the hemiganglion. VT, as shown in adult
CNS ganglia, contains sensory afferent synapses (Fernandez, 1978).
To compare the innervation of VT in CNS ganglia in different
embryos, we mapped the anterior half of the ganglionic neuropil
into five levels, each separated by 5.6 mm. At level 1, sensory
afferents enter the neuropil, bifurcate, and project into VT where
they generate their central arbor. Projecting anteriorly, sensory
afferents elongate through VT in parallel to the ganglionic midline
(levels 2 to 5).
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FIG. 2. Ultrastructural comparison of sensory afferent target regions in a control embryo and its sibling cultured in Lan3-2 Fab fragments.
The electron micrographs show sensory afferent growth consisting of thick processes (branches) and thin processes (branchlets) in the VT
of the last CNS ganglion innervated by sensory afferents in the midbody region (MG17). Sensory afferents were lightly stained in live
embryos by HRP-conjugated Lan3-2 IgG (see Materials and Methods), which recognizes the mannose marker on their cell surface. The upper
insets are schematic presentations of sensory afferent profiles within a given micrograph. (A) In the control embryo, VT is innervated by
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each ganglion providing two samples, because right and left
halves of a ganglion are independently innervated by affer-
ents from right and left sensilla 3. We compared the number
of profiles in control (n 5 16) and experimental (n 5 16)
hemiganglia by constructing a histogram of diameters
(200-nm bin width) and found a bimodal distribution (100–
400 nm, .400 nm). We refer to the smaller diameter group
as branchlets and the larger diameter group as branches.
At proximal levels 2 and 3, embryos grown in the pres-
ence of Lan3-2 Fab fragments demonstrated a three- to
fourfold reduction in branchlets compared to control em-
bryos. Likewise, the incidence of branches was significantly
reduced, when measured at level 2. At level 3, neither
control nor experimental siblings had many branches. In-
terestingly, more distal aspects of the target region, levels 4
and 5, were only populated by sensory afferents in experi-
mental but not in control siblings. This suggested that
sensory afferents whose proximal branching was inhibited
accelerated their rate of elongation, thereby reaching into
more distal target regions. The accelerated growth of these
branching-inhibited afferents occurred along the ventrolat-
eral aspect of the neuropil, within the VT, their proper
target region. Thus, accelerated growth of sensory afferent
pioneers, due to disrupting mannose-specific recognition,
did not appear to be accompanied by navigational errors.
We also compared sensory afferent growth in control and
experimental embryos by measuring the areas of synaptic
neuropil over which sensory afferent profiles were dis-
persed, that is, the size of the ventral target region. In
control embryos, the ventral target region was three- to
fourfold larger than in embryos cultured in the presence of
Lan3-2 Fab fragments (Table 1). The reduction in both the
number of sensory afferent profiles and the size of the
ventral target region seen in embryos exposed to Lan3-2 Fab
fragments presumably has two reasons. One, sensory affer-
ents fail to branch when they enter the neuropil in the
presence of Lan3-2 Fab fragments. Two, sensory afferents
resorbed their collateral branches formed prior to the expo-
sure to Lan3-2 Fab fragments.
Reconstruction of Sensory Afferents from Control
Embryos and Their Siblings Exposed
to Lan3-2 Fab Fragments
To obtain information about the cellular mechanisms by
which afferents resorb their collaterals, we reconstructed
more mature sensory afferents from MG14 (n 5 4, control
embryos; n 5 7, experimental sibling embryos). Because
sensory afferents continue to differentiate in peripheral
sensilla until after hatching (Peinado et al., 1990), we
needed a criterion that the neurons chosen for reconstruc-
tion had innervated the target region prior to the exposure
four branches. Numerous branchlets project either in the vicinity of the branches or at some distance away (arrows). (B) In the experimental
embryo, cultured in Lan3-2 Fab fragments, VT contains only a single branch. Likewise, there are fewer branchlets, most of which are tightly
apposed to the branch (arrow) or even invaginated into the branch. The lower inset is an enlargement of the region marked by an arrowhead
illustrating DAB reaction product on the membrane of a profile that is not a sensory afferent. It is an example of surface membrane
juxtaposed to sensory afferent profiles that is stained by Lan3-2. Bar, 1 mm.
FIG. 3. Histogram comparing the number of sensory afferent
profiles in the target regions of control embryos and experimental
embryos cultured in Lan3-2 Fab fragments. Branches (diameters:
400–2000 nm) and branchlets (diameters: 100–400 nm) of sensory
afferents were counted in electron micrographs of VT from the two
last innervated ganglia, MG17 and MG16 (sensory afferents were
between 0 and 6.7 h old), of control embryos and sibling embryos
cultured in Lan3-2 Fab fragments. Profiles were counted at levels 2
to 5, presenting proximal to distal aspects of VT, respectively. The
most distal growth regions have elevated branchlet/branch ratios;
see levels 3 and 5 for control and experimental embryos, respec-
tively. Because many of the error bars are too small to be visible at
the scale at which the histogram is presented, we summarize the
values here: Control embryo: level 2, branchlets and branches,
44.0 6 5.51 and 13.77 6 1.85, respectively; level 3, branchlets and
branches, 48.50 6 6.50 and 8.0 6 1.0, respectively. Experimental
embryo: level 2, branchlets and branches, 14.07 6 0.87 and 4.62 6
0.39, respectively; level 3, branchlets and branches, 15.32 6 0.80
and 4.32 6 0.38, respectively; level 4, branchlets and branches,
5.58 6 0.56 and 3.15 6 0.22, respectively; and level 5, branchlets
and branches, 13.67 6 0.88 and 1.33 6 0.33, respectively. Signifi-
cantly different than control (*), P ,0.001.
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to Lan3-2 Fab fragments. One such criterion is the appear-
ance of large sensory afferent profiles, termed sensory
trunks. Sensory trunks (greatest diameter .2000 nm) are
only seen in CNS ganglia in which sensory afferents are at
least 20 h old.
Figure 4 shows the processes of a single sensory afferent
that was partially reconstructed from 100 serial sections of
a control embryo—an estimated distance of 8–12 mm (sec-
tion thickness 80 to 120 nm). To facilitate viewing the
profuse collateral growth of this neuron, it is presented in
five different segments stacked on top of one another. The
bottom segment (level 2) contains the proximal sensory
trunk with its few interstitial sprouts. At its distal edge,
this sensory trunk first divided into two thick branches
which then generated a profusion of smaller branches and
branchlets that projected distally, as shown in the upper
four segments. The inset shows the three-dimensional
projections of this single neuron flattened out into a two-
dimensional plane. To verify that the profuse distal branch-
ing emanating from the sensory trunk of this MG14 neuron
is comparable to the branching of younger sensory afferents
still lacking a sensory trunk, we reconstructed four such
younger sensory afferents from MG15.
Figure 5 schematically represents the processes of two
sensory afferents that were partially reconstructed from 40
serial sections of a Lan3-2 perturbed sibling. Both of these
neurons had sensory trunks, indicating that they had pro-
jected into MG14 an estimated 20 h prior to the experi-
ment, presumably with the usual exuberant collateral
branching. The afferent shown in Fig. 5B lacked distal
branching. Its sensory trunk tapered into a single branchlet.
The afferent illustrated in Fig. 5A1 still showed a small
degree of distal branching, however, extant processes
tended to grow in a fasciculated rather than a dispersed
manner. Some of the serial sections on which the schematic
presentation of this neuron was based are shown as scanned
images (A2) to demonstrate that extant processes tended to
collapse against each other. The collapse of extant branches
against a larger sensory profile was also seen in Fig. 2A. The
observed clumping of processes suggests that sensory affer-
ents first fasciculate and then resorb their branches as they
are exposed to Lan3-2 Fab fragments.
Lan3-2 Fab Fragments Affect the Proliferation
of Synaptic Vesicle Clusters in Maturing,
Proximal Sensory Afferent Profiles
In addition to altering the shape of sensory afferents,
application of Lan3-2 Fab fragments also affected cytoplas-
mic organelles signaling the onset of synaptogenesis, the
synaptic vesicles. As sensory afferents mature, clusters of
synaptic vesicles begin to proliferate underneath the surface
membranes of their trunks and larger branches. A high-
power view of the ventrolateral aspect of the synaptic
neuropil (MG14, level 2) of a control embryo (Fig. 6A)
illustrates synaptic vesicle clusters (arrows) in a fascicle
with four sensory afferent profiles. Two of these profiles (1,
2) fall into the category of sensory trunks while the other
two profiles (3, 4) are thick branches. In addition to clusters
of clear vesicles (arrows), these large sensory afferent pro-
files have also dense core vesicles (asterisk) and numerous
mitochondria which are further evidence for developing
presynaptic regions. One of the sensory trunks (profile 1) is
shown as a wire frame reconstruction based on serial
sections (Fig. 6B; it is the same sensory trunk that is shown
as a solid reconstruction in Fig. 4). Most of the synaptic
vesicle clusters indicated in red extend over an average of
five sections, indicating that they span a distance of 400 to
600 nm along the length of the sensory trunk.
We compared the areas containing synaptic vesicle clus-
ters in sensory afferents of control and experimental sib-
lings that were exposed to Lan3-2 Fab fragments for 3 h (Fig.
6C). Synaptic vesicle clusters were studied in serial sections
of trunks (n 5 2, control hemiganglia; n 5 4, experimental
hemiganglia) and branches (n 5 2, control hemiganglia; n 5
3, experimental hemiganglia). We included only branches of
a minimum size (minimal estimated cross-sectional area of
0.25 mm2) because the number of synaptic vesicle clusters
dropped off significantly as branches thinned out in the
more distal growth region of the sensory afferents. We
computed the perturbation effect in two different ways. (1)
For each serially reconstructed profile, we summed perim-
eter lengths and synaptic vesicle areas measured in indi-
vidual sections. We then divided the sum of its synaptic
vesicle area by the sum of its perimeter length. (2) We
divided synaptic vesicle area for a given profile by the
number of sections used to reconstruct the profile. The two
methods provided similar estimates of the reduction of
synaptic vesicle area in sensory afferents exposed to Lan3-2
Fab fragments. Sensory trunks and branches experienced a
three- to fourfold and sevenfold reduction in synaptic
vesicle area, respectively. While synaptic vesicle clusters
were slightly smaller in experimental than in control em-
TABLE 1
Comparison of the Size of Sensory Afferent Target Regions
in Control Embryos and Experimental Embryos Cultured
in Lan3-2 Fab Fragments
Target region of
control afferents
(mm2)
Target region of
perturbed afferents
(mm2) P
Level 2 18.4 6 3.1 4.8 6 0.4 ,0.001
Level 3 15.0 6 6.1 5.3 6 0.4 ,0.001
Level 4 — 3.8 6 0.6
Level 5 — 3.5 6 1.3
Note.Ventral tracts (VTs) in newly innervated MG17 and MG16
have approximately rectangular shapes in transverse sections of the
neuropil. VT sizes, estimated by multiplying their longest and
shortest diameters, were measured in 16 hemiganglia at levels 2 to
5. The values are represented as means 6 SE. No valid P values can
be computed for levels 4 and 5 (Sokal and Rohlf, 1981).
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bryos, most of the reduction in synaptic vesicles area was
due to the loss of clusters.
Exposure to Lan3-2 Fab fragments led to the reduction of
synaptic vesicle clusters in older regions of the sensory
afferents, while in newly grown cell regions, it led to the
loss of collateral sprouting. Thus, the nature of the Lan3-2
perturbation effect depends on the stage of sensory afferent
development.
DISCUSSION
The studies reported here extend previous studies (Song
and Zipser, 1995a; Zipser and Cole, 1991; Zipser et al.,
1989) on the role of mannose-specific recognition in the
formation of sensory arbors in the CNS of the leech. Here
the analysis is taken to the single-neuron level using
ultrastructural analysis. Control embryos show that sen-
sory afferents innervate novel aspects of their future target
regions through collateral branching. With ongoing devel-
opment, collateral branches are replaced by sensory trunks
with numerous synaptic vesicle clusters and mitochondria.
Sensory afferent processes are coated by an unusual
mannose structure that is recognized by monoclonal anti-
body Lan3-2 (Zipser and McKay, 1981) but not by antibodies
against common epitopes of oligomannosidic glycans (Bajt
et al., 1990b; B. Schmitz and B. Zipser, unpublished).
Blocking the mannose marker on sensory afferent processes
with Lan3-2 Fab fragments led to a rapid and major reorga-
nization of early and later stages of sensory afferent growth:
(1) Collateral sprouting is reduced at the distal growth
regions. (2) The branching-inhibited sensory afferents grow
through the target region at an accelerated rate resembling
that of normal sensory afferents elongating through nontar-
get regions. (3) The developmentally older, more proximal
trunk regions of sensory afferents lose their synaptic vesicle
clusters. These results suggest that depriving afferents of
their mannose-specific recognition converted afferents that
would otherwise be engaged in synaptogenesis back into
afferents tracking through nontarget regions. We conclude
that mannose-specific recognition is important for the
different stages of synaptogenesis involving a slowing of
process elongation, promotion of collateral branching, and
proliferation of synaptic vesicle clusters.
The Role of the Mannose Marker in Collateral
Branching at the Distal Growth Region
Characteristically, sensory afferents branch into a profu-
sion of collaterals as they enter their target region. Inner-
vation of target regions through collateral branching is a
typical process that has been studied in many different
brain regions and species (Kaethner and Stuermer, 1992;
O’Rourke and Fraser, 1986; Nakamura and O’Leary, 1989;
Simon and O’Leary, 1990; Harris et al., 1987; Bastmeyer and
O’Leary, 1996). In the development of leech sensory affer-
ents, after 20 h, the collateral growth in the proximal aspect
of the target region is replaced by a large process that we call
sensory trunk. There are at least two possibilities for the
transformation from collateral growth to trunk growth that
a sensory afferent undergoes with maturation. One possi-
bility is that collaterals are resorbed, giving rise to the
widened trunk. Another possibility is that the trunk repre-
sents the elongation and widening of the growing sensory
afferent axon analogous to the growth of a tree trunk. To
distinguish between these two possibilities will require
imaging live sensory afferents similar to studies performed
on the formation of sensory arbors in the body wall by
another type of leech sensory neuron, the pressure cells
(Wang and Macagno, 1997).
Blocking the mannose marker with Lan3-2 Fab fragments
led to a reduction in sensory afferent collaterals, both thick
branches and fine branchlets, at their distal growth regions.
At the low concentration of perturbing Fab fragments used
here, afferents demonstrated a three- to fourfold reduction
in their collateral growth. As seen in the serial reconstruc-
tions of single neurons, extant processes belonging to the
same neuron tended to elongate apposed to one another. We
suggest that the reduction of collateral sprouting in the
Lan3-2-treated embryo is due, in part, to the inhibition of
new branching during the perturbation period and, in part,
to the resorption of previously elaborated branches. Of
interest is the cellular mechanism by which already-formed
branches are resorbed. Because extant branches belonging
to the same sensory afferent were seen to touch one
another, it appears that processes collapsed against each
other prior to their resorption. The touching of processes
belonging to the same neuron violates the principle of
“self-avoidance” that had been established for the periph-
eral branches of a different type of sensory neurons, the
pressure cells (Kramer and Stent, 1985; Gan and Macagno,
1995). It remains to be seen whether the collapse and
resorption of sensory afferent processes due to the inhibi-
tion of mannose-specific recognition is part of the normal
transformation of collateral growth into sensory trunks as
neurons mature within the segmental neuropil. It could
also be part of the process by which sensory afferents
alternate their growth behavior as they exit the target
region of their segmental ganglia and enter intersegmental
connectives—sensory afferents innervate CNS ganglia in
multiple anterior and posterior segments.
Exposure to Lan3-2 Fab fragments led not only to an
inhibition in branching but also to an acceleration in the
average rate by which sensory afferents elongate. Sensory
afferents in embyros cultured for 3 h in Lan3-2 Fab extended
11 mm more anteriorly, beyond the distance covered by
sensory afferents in control embryos. Normally, sensory
afferents elongate through their target region at an esti-
mated rate of 1.6 mm/h. In contrast, the two- to threefold
higher rate of elongation observed for afferents exposed to
Lan3-2 Fab is comparable to that measured for normal leech
axons tracking through fiber tracts (4 mm/h; Braun and
Stent, 1989). This result suggests that depriving afferents of
their mannose-specific recognition aborts their synaptogen-
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FIG. 4. Three-dimensional reconstruction of a sensory afferent in its target region in a control embryo. The sensory afferent was partially
reconstructed, using a Silicon Graphics workstation, from 100 serial sections through VT of MG14, innervated by sensory afferents for 20 h.
To facilitate viewing the three-dimensional projections, the reconstruction is divided into five segments, separated by sufficient distance
to allow viewing of dorsal (front) and ventral (back) processes. The bottom segment represents the neuron’s proximal aspect. It consists of
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esis and makes them resume a growth rate appropriate for
tracking through axonal tracts. Similar differences in the
rate of growth of axons through fiber tract and target regions
were observed in other systems (Harris et al., 1987; Hallo-
ran and Kalil, 1994).
The question arises whether the perturbations of sensory
afferent development were directly elicited by Lan3-2 Fab
fragments or whether they were the consequence of some
other as yet undetected changes. Both the rapid onset of the
perturbation compared to the slow time course of sensory
afferent development and the strength of the perturbation
argue that the mannose marker is directly involved in the
behavior of the distal growth region of sensory afferents.
Mannose-specific recognition does not appear to affect
pathfinding or navigation per se because sensory afferents
exposed to Lan3-2 Fab fragments continue to elongate
through their target region without noticable deviations in
their path. Because sensory afferents, deprived of their
FIG. 5. Schematic presentation of serially reconstructed sensory afferents in their target region in an experimental embryo cultured in
Lan3-2 Fab fragments. To analyze the Lan3-2 perturbation effect, two sensory afferents (A1 and B) were reconstructed from 40 sections
through VT of MG14 in an embryo that was a sibling to the control embryo from Fig. 4. Sections with traced outlines of sensory afferent
profiles used for reconstructions are shown in A2. (A1) A sensory trunk generated two large branches which converged to grow tightly
apposed to one another. One of these branches tapered off into branchlet, while the other gave rise to four more branches. (A2) The clumping
of sensory afferent profiles is illustrated with sections 19, 20, 31, and 37. (B) A sensory trunk tapered out in the branchlet.
a large sensory trunk (sensory trunks were absent from MG17–15 that were innervated for less than 20 h by sensory afferents). The other
four segments display the profuse branching of the neuron’s more distal growth region. Interestingly, there was not only generation of new
branches but also merging of branches. Together, the five segments cover an 8- to 12-mm-long posterior to anterior growth, assuming a
section thickness of 80 to 120 nm. The inset illustrates the reconstruction flattened out into two dimensions to facilitate viewing of the
collateral branching. The locations of levels 2 and 3 of VT are marked.
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mannose-specific recognition, grow as fasciculated bundles,
the bundling presumably is mediated by other molecular
mechanisms. One possibility is that axonal bundling in-
volves the RGD binding motif of leech tractin expressed by
these neurons (Huang et al., 1997). Recently, genetic stud-
ies performed on nematodes provided evidence that inte-
grins (which bind to RGD) mediate axonal fasciculation
rather than axonal extension (Baum and Garriga, 1997).
The Role of the Mannose Marker in the
Proliferation of Synaptic Vesicle Clusters
Twenty hours after sensory afferents first innervated a
midbody ganglion, clusters of clear synaptic vesicles ap-
peared in their developmentally older proximal regions,
their sensory trunks, and their thicker branches. This
appearance of synaptic vesicle clusters signals the begin-
FIG. 6. Proliferation of Lan3-2-sensitive synaptic vesicle clusters in trunks and large branches of sensory afferents. (A) The electron
micrograph illustrates two sensory trunks (1, 2) and two large branches (3, 4) in VT of MG14 of a control embryo. All four profiles possess
clusters of clear synaptic vesicles (arrows), dense core vesicles (asterisk), and mitochondria. Bar, 1 mm. (B) A wire frame reconstruction of
trunk 1 (37 sections) (shown in Fig. 4 as solid reconstruction) contains 14 separate synaptic vesicle clusters (red areas), most of which extend
over several sections. Bar, 1 mm. (C) The histogram compares the amount of synaptic vesicle clusters in reconstructed trunks and large
branches from VT of MG14 from control and experimental embryos cultured in Lan3-2 Fab fragments. The area occupied by synaptic
vesicle clusters in reconstructed profiles was divided by the sum of the profile perimeters. Sensory afferent trunks and branches in
experimental embryos experienced a three- to fourfold and sevenfold reduction in the amount of synaptic vesicle clusters, respectively,
relative to the controls. Significantly different from the control (*), P ,0.001.
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ning of synapse formation. Other synaptic specialization
such as the thickening of postsynaptic membrane are not
apparent at this stage. They were seen 31/2 days later, in
14-day-old embryos (McGlade et al., 1990). We tested
whether the existence of synaptic vesicle clusters was
affected by Lan3-2 Fab fragments. Exposing sensory affer-
ents to Lan3-2 Fab fragments led to a reduction in synaptic
vesicle clusters. Large branches showed a sevenfold reduc-
tion in synaptic clusters, and sensory trunks showed a
threefold reduction. The synaptic vesicle clusters appear to
be more fragile in branches compared to the older sensory
trunks.
If the loss of synaptic vesicles and the loss of collateral
sprouting are directly related, then one must postulate
either that the loss of synaptic vesicles in older cell regions
causes the resorption of collateral sprouts in newly grown
regions or that loss of collateral sprouting in newly grown
regions causes loss of synaptic vesicles in older cell regions.
We have no basis for presuming either mechanism, there-
fore we presume that the loss of collateral sprouting and the
reduction of synaptic vesicle clusters are independent per-
turbation effects of the Lan3-2 Fab fragments.
Developmentally Regulated Expression of the
Mannose Marker on Different Surface Proteins
One possible explanation for the action of the mannose
marker during different stages of sensory afferent synapto-
genesis is its developmentally regulated expression on dif-
ferent proteins. As sensory afferents newly innervate the
midbody ganglia, the mannose marker is located only on
N-linked carbohydrate chains of a 130-kDa protein
(McGlade-McCulloh et al., 1990) with the solubility prop-
erties of peripheral membrane protein (Bajt et al., 1990a),
this protein may be leechCAM or tractin or both (Huang et
al., 1997). In contrast, with ongoing development, the man-
nose marker appears on N-linked carbohydrate chains of
103- and 95-kDa proteins with solubility characteristics of
integral proteins. It is tempting to speculate that the early
expression of the mannose marker on peripheral proteins
mediates collateral branching, while the later expression of
the mannose marker on integral membrane proteins medi-
ates synaptic vesicle formation in sensory trunks.
Another molecular transformation of the sensory affer-
ents is their developmentally regulated expression of
galactose-containing markers restricted to 130-kDa protein
with solubility characteristics of peripheral membrane pro-
tein. These galactose-containing markers divide sensory
afferents into subsets that correlate with different sensory
modalities (Zipser et al., 1994; Song and Zipser, 1995b).
Thus, the leech embryo represents a suitable system for
studying the coordinated action of different carbohydrate
markers in synaptogenesis in CNS target regions.
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